To assess cardiovascular control during sleep in children with sleep-disordered breathing (SDB) and the effect of adenotonsillectomy in comparison to healthy nonsnoring children. Methods: Cardiorespiratory signals obtained from overnight polysomnographic recordings of 28 children with SDB and 34 healthy nonsnoring children were analyzed. We employed an autoregressive closed-loop model with heart period (RR) and pulse transit time (PTT) as outputs and respiration as an external input to obtain estimates of respiratory gain and baroreflex gain. Results: Mean and variability of PTT were increased in children with SDB across all stages of sleep. Low frequency power of RR and PTT were attenuated during non-rapid eye movement (REM) sleep. Baroreflex sensitivity was reduced in children with SDB in stage 2 sleep, while respiratory gain was increased in slow wave sleep. After adenotonsillectomy, these indices normalized in the SDB group attaining values comparable to those of healthy children.
INTRODUCTION
Sleep-disordered breathing (SDB) is a common respiratory spectrum disorder that ranges from primary snoring at the mild end to the more severe obstructive sleep apnea syndrome. Affecting 3 and 15 percent of children, 1 a major contributing factor is impediment of the upper airway by enlarged tonsils and adenoid tissue. Hence, adenotonsillectomy (AT) is the recommended treatment.
Some preliminary studies of children at the severe end of the spectrum have shown increased blood pressure (BP), 2 cardiac remodeling, 3 and elevated levels of inflammatory markers, 4 which are associated with cardiovascular disease in adults. Overactivity of the sympathetic nervous system is thought to be a key driver facilitating the cardiovascular changes seen in SDB. 5, 6 To this end, heart rate variability (HRV) is frequently used to derive insights into autonomic control of the heart. 7 When measured along with respiration, HRV can be utilized to measure respiratory sinus arrhythmia (RSA), a marker of vagal heart rate control. 8 When assessed along with arterial BP, HRV can be utilized to quantify cardiac baroreflex sensitivity (BRS), that is, the ability of the heart to buffer short-term fluctuations in arterial pressure. 9 While RSA can be easily estimated from standard polysomnography (PSG), continuous BP monitoring requires specialized equipment that is obtrusive and challenging to operate overnight, especially in children. In this study, we utilize variations in pulse transit time (PTT) as a proxy for arterial BP variability because PTT can be easily measured in standard PSG. PTT is the duration needed for the arterial pulse wave to travel from the heart to peripheral (finger) arteries. For practical purposes, the R wave in electrocardiogram (ECG) is typically used as reference time point. Hence, the PTT estimate also includes the pre-ejection period. If changes in pre-ejection period are minor, PTT depends primarily on the stiffness of arterial walls, which in turn modulates BP. Although the degree of correlation between systolic blood pressure (SBP) and PTT was repeatedly reported to be moderate, it has been suggested that variations in PTT can be exploited to track changes in SBP in a semiquantitative fashion. 10, 11 Increased BP variability and reduced BRS have been previously reported in children with SDB, indicative of impaired cardiovascular control, 12, 13 and a long-term follow-up study suggests that resolution of SDB normalizes BRS. 14 The aim of this study was to probe cardiovascular control in children with SDB during quiet, event-free sleep in comparison to healthy children using a multivariate autoregressive closedloop process model by exploiting standard PSG and to establish whether AT improves cardiovascular control in the short term.
METHODS

Participants
We analyzed overnight PSG recordings of 40 children with SDB and 40 healthy nonsnoring children matched for age and gender; details of study protocols can be found in a previously published study. 15 In brief, children with SDB underwent PSG before AT and 6 months after the procedure. Control children underwent sleep study at similar time points. This study was
Statement of Significance
Impaired baroreflex control observed in children with sleep-disordered breathing may be a precursor of cardiovascular disease but appears to be reversible via adenotonsillectomy.
approved by the Women's and Children's Health Network Human Research Ethics Committee, South Australia, with parental consent and child assent obtained from all participants.
Overnight PSG and Sleep Scoring
Each child was well on the night of the sleep study, that is, free of sedation, sleep deprivation, or any recent illness, including respiratory infection. Overnight PSG began close to each child's usual bedtime, and a parent was present throughout the procedure. Using the S-Series Sleepwatch System (Compumedics, Australia), the following signals were recorded: EEG (C3-A2 and C4-A1); left and right electrooculogram (EOG); heart rate by ECG; submental and diaphragmatic electromyogram (EMG) with skin-surface electrodes; piezoelectric motion detection for leg movement, thermistor, and nasal pressure to measure oronasal airflow; respiratory movements of the chest and abdominal wall using uncalibrated respiratory-inductive plethysmography; arterial oxygen saturation (SpO 2 ) by pulse oximetry (Nellcor N-595, Covidien, Ireland; with a 3-s averaging time); and transcutaneous carbon dioxide, using a heated (43°C) transcutaneous electrode (TINA, Radiometer Pacific, Australia). Each child was monitored continuously overnight via an infrared camera and by a pediatric sleep technician who also documented observations of sleep behavior including the presence or absence of snoring. A repeat study was performed on average 29.4 ± 5.9 weeks later (range 19-55 weeks), after AT for the SDB group and without any intervention for the control group.
Sleep stages were scored visually in 30-second epochs according to the standardized EEG, EOG, and EMG criteria of Rechtschaffen and Kales. 16 Movement time (>50% of an epoch obscured by movement artifact) was scored as a separate category and was not included in either sleep or wake time. Respiratory variables were scored according to standard guidelines recommended for pediatric sleep studies. 17 The total number of obstructive apneas, mixed apneas, and obstructive hypopneas divided by the total sleep time and expressed as the number of events/hour of sleep yielded the obstructive apnea-hypopnea index (OAHI). The SpO 2 desaturation index represents the number of ≥3% O 2 desaturations/hour of sleep. The body mass index (BMI) z-scores were calculated using the height and weight of the children measured on the night of PSG, along with established growth charts corrected for age and gender. 16, 18 Movement time (>50% of an epoch obscured by movement artifact) was scored as a separate category and was not included in either sleep or wake time. Respiratory variables were scored according to standard guidelines recommended for pediatric sleep studies. 17 The total number of obstructive apneas, mixed apneas, and obstructive hypopneas divided by the total sleep time and expressed as the number of events/hour of sleep yielded the OAHI. The SpO 2 desaturation index represents the number of ≥3% O 2 desaturations/hour of sleep. The BMI z-scores were calculated using the height and weight of the children measured on the night of PSG, along with established growth charts corrected for age and gender.
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Data Processing ECG, finger photoplethysmogram (PPG), and thoracic respiratory inductance plethysmography signals were extracted from the PSG recordings. Beat-to-beat heart period (RR) was defined as the temporal distance between two consecutive R-peaks in the ECG signal (modified lead II sampled at 500 Hz). R-peaks were automatically detected using a template-matching algorithm. Falsely detected beats were manually corrected. PTT was computed as the midpoint between the minimum and maximum peaks of the PPG signal within each RR. The thoracic respiratory signal was sampled at the occurrence of the R-peak in ECG to obtain the beat-tobeat respiration (R) time series. Scored event-free segments of the beat-to-beat series were extracted with a fixed length of 350 beats within stage 2 sleep, slow wave sleep (SWS), and rapid eye movement sleep (REM). Figure 1 shows example traces of RR, PTT, and respiration. All segments were visually inspected to avoid detection errors. Very low frequency trends (<0.04 Hz) within RR, PTT, and R time series were removed using a time-varying impulse-response high-pass filter. 19 Segments were normalized to zero mean unit variance for the frequency domain analysis and the estimated power densities measured in both, normalized and absolute units.
Modeling
Power spectral analysis was performed using an autoregressive closed-loop model with two outputs (RR and PTT) and one external input (R). 20 A mathematical representation of the model is show in the follwing equations. The external input R was modeled as an independent autoregressive process:
Variables A 1 , A 21 , and B 1 are polynomials of the parameters that represent the dependence of RR on its own past and that on PTT and R, respectively. While A 2 , A 12 , and B 2 represent the dependence of PTT on its own past and that on RR and R, respectively. Following the measurement convention, the delay from PTT to RR and from R to RR were both set to zero since PTT and R were sampled within the heartbeat. The terms e RR and e PTT are independent white noise sources with zero mean and variances σ 2 RR and σ 2 PTT , respectively. The Akaike information criterion 21 was used to select the model order of the multivariate autoregressive process from the range 6 to 12. Model parameters were estimated using the least squares method. Resulting models were validated by assessing the correlation between model residuals and the goodness of fit.
Because this structure models the interaction between RR and PTT as a closed loop, the pathway from PTT→RR may be considered a representation of baroreflex activity, given the well-established inverse relation between PTT and arterial BP. The directed pathway from RR→PTT may represent a hemodynamic feed forward mechanism in the opposite direction.
Power Spectral Analysis
Model parameters were subjected to Fourier transform to obtain parametric estimates of the causal transfer functions in the frequency domain, describing the interactions between RR, PTT, and R present in the model. Figure 2 shows an example of the causal transfer function modulus (ie, gain) from PTT → RR, superimposed on the power spectrum of RR and PTT. The following variables were computed for every sleep stage:
(1) Mean RR (RRm), mean PTT (PTTm), RR variance (RRv), and PTT variance (PTTv) before detrending.
(2) RR and PTT low frequency powers (RR LF and PTT LF ) and RR high frequency power (RR HF ) expressed in both, normalized and absolute units. (3) The gain of the causal transfer function from PTT → RR sampled at the LF peak of PTT power spectrum, representing baroreflex gain.
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(4) The gain of the transfer function from R → RR sampled at the HF peak of R power spectrum, representing respiratory gain.
Statistical Analysis
Statistical analysis was performed using SPSS 23 (IBM, Boston, USA). The data extraction resulted in a variable number of event-free segments in each sleep stage for each child. Hence, a maximum of five segments per child were included in the analysis to avoid any bias resulting from averaging the derived indices over a different number of segments for each child. The segments that were averaged were chosen randomly from the set of segments which passed the model validation tests for each participant in each sleep stage. The unpaired t test was used to compare age, BMI z-score, and OAHI between control and SDB groups at baseline. The Shapiro-Wilk normality test was used to assess the normality of the distribution of the results. Only RRm passed the normality test, while all other variables were log 10 -transformed. Twoway analysis of covariance (ANCOVA) was used to compare the results for the control and SDB children within each sleep stage while considering three covariates: age, BMI z-score, and gender. Values of p < .05 were considered statistically significant.
RESULTS
Of the 40 children with suspected SDB and the 40 healthy children initially enrolled, five were excluded from the SDB group and four from the control group because no follow-up PSG was available. The PPG was missing from two additional recordings in the SDB group. Finally, data from five children in the SDB group and four healthy children did not meet the model fitting criteria and hence, were excluded from analysis. Table 1 shows the subject demographics for the remaining children. BMI z-scores for children with SDB tended to be higher than those for controls at baseline; however, the difference was not statistically significant. As expected, OAHI was significantly higher in the SDB group at baseline and decreased after AT. The severity of SDB (OAHI: 5.8 ± 10.2) was predominately in the mild-to-moderate range. During follow-up, BMI z-scores tended to decrease in the SDB group but remained higher than the control group; however, these differences did not reach statistical significance (SDB baseline vs. SDB follow-up: p > .99; control follow-up versus SDB follow-up: p = .4). OAHI in the SDB group reduced significantly in the SDB group after AT but remained significantly higher than the control group at follow-up. Table 2 shows the results of the two-way ANCOVA analysis of cardiovascular variables across the three sleep stages. PTTm and PTTv were significantly higher in children with SDB at baseline in all three sleep stages and reduced following treatment. RRm was not different among the two groups. RR variances tended to be higher in the SDB group during SWS only (p = .078). Power spectral analysis (Figure 3) showed reduced LF powers of PTT and RR expressed in normalized units in children with SDB in stage 2 (PTT LF: p = .06, RR LF: p = .06) and SWS (PTT LF: p = .002, RR LF: p = .03), which increased to normal levels following treatment. In REM sleep, normalized LF powers of PTT and RR were reduced in children with SDB and remained so after treatment (group difference; PTT LF: p = .016, RR LF: p = .013). When expressed in absolute units (ms 2 ), LF power of PTT was not significantly different between the two groups. LF power of RR in stage 2 tended to be reduced at baseline and follow-up (p = .06). HF power of RR expressed in normalized units was not significantly Figure 2-Example of the causal transfer function gain (PTT→RR, black dash-dot line) estimated in slow wave sleep using data from a control participant at baseline, superimposed on heart period (RR), power spectrum (dotted black line), and pulse transit time (PTT) power spectrum (solid red line). The units of "normalized frequency" and "normalized power" result from using data normalized to zero mean and unit variance for the model estimation. different between groups. Absolute HF power of RR tended to be higher in the SDB group at baseline and follow-up in SWS (group p = .07) (data for absolute powers are shown in the Supplementary data). Figure 4 shows the results of causal transfer function analysis. Respiratory gain tended to be higher in the SDB group compared to the control group at baseline in stage 2 and SWS and tended to reduce following AT. However, this difference was statistically significant only in SWS (p = .02). A reduction in PTT → RR gain (BRS) was observed in the SDB group compared to the control group in stage 2 (p = .017) and SWS (p < .1) at baseline, increasing after treatment. In REM sleep, no differences between the two groups were observed at either time point.
Of the three covariates (BMI z-score, age, and gender) that were controlled for in the two-way ANCOVA analysis, none showed a significant effect on the differences between children with SDB and controls over time.
Figure 4-Comparison
between average values of (A) baroreflex gain (B) respiratory gain for both control group (gray circle) and SDB children (red triangles) at baseline (T1) and during follow-up (T2). Data presented as mean ± SEM. *p < .05, **p < .01. Two-way ANCOVA was performed using log 10 transformed data. ANCOVA = analysis of covariance; SEM = standard error of the mean. ) heart period (RR) LF power in normalized units for both control (grey circle) and SDB group (red triangles) at baseline (T1) and during follow-up (T2). Data presented as mean ± SEM (*p < .05, **p < .01, ***p < .005). ANCOVA was performed using log 10 transformed data. ANCOVA = analysis of covariance; SEM = standard error of the mean.
DISCUSSION
The main findings of our study are prolonged mean pulse transit time and increased pulse transit time variability in a group of children with primarily mild-to-moderate SDB across all stages of sleep. Normalized low-frequency power was attenuated during non-REM sleep in children with SDB in both, PTT and RR time series. BRS, measured as the gain of the causal transfer function from PTT → RR, was reduced in children with SDB in stage 2 sleep, while R → RR gain was increased in SWS. After AT, these indices normalized in the SDB group, attaining values comparable to those in the control group of normal children.
Cardiovascular sequalae of SDB during childhood have become an increasing concern among clinicians. A number of recent reports suggest that children with relatively benign levels of SDB show vascular alterations, such as delayed brachial artery dilation response to hyperemic stress, 23 sympathetic nervous system overactivity, 24 and elevated BP. 2 Our analysis of segments of uninterrupted sleep showed that children with SDB have prolonged PTT, suggesting that rather than increased vasoconstriction, these children are experiencing increased peripheral vasodilation, consistent with an increased hypoxic state. We have previously shown in a different cohort that those children with SDB that have greater capacity to desaturate to lower oxygen throughout the night (particularly non-REM sleep) are those with increased vascular resistance. 23 However, oxygen saturation levels during event-free sleep were comparable between groups (data not shown). The PTTm prolongation observed in SDB children may therefore correspond to a prolonged prerejection period due to increased afterload, which may normalize following AT.
Assessing spontaneous beat-to-beat fluctuations in cardiovascular variables can provide insights into autonomic cardiovascular control in children with SDB, 12 but the complex interplay between heart rate and BP control mechanism as well as respiration impedes the separation of distinct control mechanisms. In this study, we employed a multivariate closedloop autoregressive process model to disentangle respiratory from vascular factors of heart rate control. While previous analyses involved single signal analysis such as HRV and BP variability, multivariate analysis has the advantage of describing the causal interactions between RRv, PTTv (as a surrogate for BP), and respiration in a system with several feedback mechanisms. 25 Our findings are in line with a previous study of children with SDB that found reduced BRS during event-free sleep by measuring noninvasive finger BP continuously in addition to standard PSG.
12 Long-term follow-up over 6-9 years in a subgroup of children showed increased BRS in those children whose SDB improved.
14 Our follow-up, 6 months after AT, lends further support to the hypothesis that resolution of SDB can reverse early cardiovascular changes. Previous closed-loop model analyses have shown reduced BRS in children with SDB during daytime in the supine position 26 and in sleep. 27, 28 Our data suggest that children with predominately mild-tomoderate SDB experience numerous subcortical arousals as demonstrated by the significantly increased variability in PTT during quiet periods of sleep, where no overt obstructive events or cortical arousals have been scored. These might be triggered by temporarily increased respiratory effort. 29 Other studies in children with SDB have shown that PTT is sensitive to autonomic arousals. 30 Analysis of peripheral arterial tonometry also suggests frequent vascular activation in absence of cortical events in children with SDB. 31, 32 Subcortical autonomic activations may be more apparent in vascular changes than in heart rate increase. Spectral analysis of PTT demonstrated a reduction in normalized LF power, that is, the power of PTT is less concentrated around the vasomotor rhythm of 0.1 Hz but focussed on the high frequency band instead, presumably reflecting increased respiratory effort and/or subcortical arousal activation.
HRV analysis appears to be less sensitive to subcortical arousal mechanisms. Neither RRm nor RRv are significantly altered in children with SDB. A previous study of the same cohort revealed slightly augmented heart rate accelerations during cortical arousal in children with SDB. 33 However, this effect was observable only after ensemble averaging. Our spectral decomposition of RRv suggests a reduction in normalized LF oscillations in children with SDB in non-REM sleep that may reflect relative the dominance of HF oscillations. Others have reported a reduction in both total and LF RR power during REM sleep. 34 Respiratory gain tended to be higher in children with SDB than in controls during non-REM sleep. This finding might be affected by the slower respiratory rate in children with SDB that has been previously reported in the same data set 35 and others. 36 Because RSA is inversely related to respiratory rate, 37 our finding of increased respiratory modulation of heart rate in children with SDB may be the direct consequence of respiration rather than an indication of cardiac autonomic dysfunction, considering that mean heart rate and variance were unchanged. AT reverses this effect, presumably, by normalizing respiratory rate. 35 Combined, our findings suggest that SDB is associated with frequent vascular perturbations that remain undetected by clinical PSG scoring criteria. Pulse transit time appears to be a sensitive marker for autonomic arousals during sleep and warrants further exploration.
A key question pertaining to the treatment of children with mild-to-moderate SDB is whether to perform AT or not. This is particularly challenging because the standard diagnostic marker, the apnea-hypopnea index, does not capture the complex picture of SDB. To this end, analysis of cardiovascular control as performed here may add valuable information about the pathophysiology and trajectory of cardiac dysfunction related to SDB. As most children with SDB in the community remain untreated in childhood, the long-term effects on the vascular system of the developing child are unknown and the contribution to adult cardiovascular disease is yet unstudied. Cardiovascular assessment proposed here can be conducted on any clinical PSG recording, if specialized computer software for automated assessment is available. It does not require continuous finger BP monitoring, which is expensive, obtrusive, and prone to measurement artifacts.
Our study has several limitations. Our data set included primarily children with mild-to-moderate SDB. More severe cases are likely to show pronounced perturbances of vasomotor and heart rate control that would augment the group differences observed in our study. Although the utility of PTT as a surrogate of arterial BP has been debated, vasoconstriction is an essential part of the physiological arousal activation process, which in turn elevates BP. Indeed, the use of PTT as a marker for autonomic, subcortical arousal has been advocated by several groups. 11, 28, 38 However, the utility of PTT as a surrogate for BP has been insufficiently validated in pediatric populations. 11 While one study reported moderate inverse correlation between PTT and SBP, 39 another study reported a nonsignificant inverse correlation with SBP. 40 An observational study found that PTT mimicked changes in SBP after arousal in infants and children. 41 Absolute values of PTT that were measured in our data are longer than physiologically plausible. Filtering of the raw PPG waveform by the oximeter software is likely to result in a phase delay that is responsible for the observed PTT. However, this error is likely to be systematic and hence, does not affect the differences observed between healthy children and those with SDB. Sleep stages were scored using only two central channels following Rechtschaffen and Kales rules, which might have reduced the accuracy of SWS detection.
CONCLUSION
In children with mild-to-moderate SDB, vasomotor activity is increased and BRS decreased during quiet, event-free non-REM sleep. Adenotonsillectomy appears to reverse this effect.
